The mesophilic round-spored bacteria embrace four species, namely Bacillus sphaericus, Bacillus fusiformis, Bacillus silvestris and Bacillus pasteurii.
INTRODUCTION
The earliest round-spored species, Bacillus pasteurii, was an alkalophile described by Chester in 1898. Subsequently, Neide (1904) described the mesophilic round-spored species, Bacillus sphaericus. Because of poor reactivity to classical biochemical tests, all mesophilic, round-spored organisms were assigned to the species B. sphaericus. In 1988, Priest et al. described another species, namely Bacillus fusiformis ; its ureahydrolysing capability differentiated it from B. sphaericus. Because of the lack of differentiating tests, the taxonomic study of round-spored bacteria languished. However, with the discovery of mosquitocidal activity among some of these organisms (Kellen et al., 1964) . The GenBank accession numbers for the 16S rDNA sequences generated in this study are listed in Table 1 . and the development of diagnostic molecular biological techniques, interest in these organisms has been rekindled. Application of the new techniques has resulted in the discovery of the newest round-spore species, Bacillus silvestris (Rheims et al., 1999) . Numerical taxonomic techniques (Priest et al., 1988 ; Alexander & Priest, 1990) suggested the heterogeneity of B. sphaericus ; the observation of variability in insecticidal activity among strains reinforced this view. Using DNA hybridization techniques, Krych et al. (1980) separated the species into several subgroups only one of which contained the insecticidal strains. Later studies based on random amplified polymorphic DNA (RAPD) probing (Woodburn et al., 1995) and ribosomal gene restriction fragment length polymorphism (RFLP) analyses (Aquino de Muro et al., 1992) confirmed the separate groupings. Analytical comparison of the 16S rRNA gene sequences has provided a sensitive technique for unravelling the phylogenetic relationships among microorganisms. The present study applies sequencing combined with biochemical and physiological charac-terization methods to study the taxonomy and phylogeny of B. sphaericus-like organisms.
METHODS
Bacterial strains. The bacterial strains used in this study were isolated from a variety of environments throughout the Krych et al. (1980) , RFLP groups are from Aquino de Muro et al. (1992) and RAPD groups are from Woodburn et al. (1995) . Names in quotation marks are not on the Approved Lists of Bacterial Names (Skerman et al., 1980) . Confidence limits estimated from bootstrap analyses (500 replications) appear at the nodes. A maximum-parsimony tree generated from the sequence data exhibited similar topology to this tree. incubated at 28 mC on nutrient agar amended with 5 mg MnSO % ;H # O l V " until sporulation occurred and then were stored at 4 mC. Characterization. The method of Gordon et al. (1973) was used for characterizing the strains biochemically and physiologically. Because mainly negative reactions were obtained with this method, the BIOLOG GP characterization system (BIOLOG) was used to analyse an extended array of metabolic traits of a representative number of strains. Whole-cell fatty acid profiles were determined using the MIDI system of Sasser (1990) . For this determination, the organisms were grown on TSBA for 24 h at 28 mC ; triplicate plates were prepared to obtain sufficient cell mass for the assay. The data obtained by the BIOLOG GP system were used to determine the extent of phenotypic similarity among the strains. Reactions were read after 24 h incubation at 28 mC. Similarity was estimated by means of the simple matching coefficient (S SM ) and clustering was based on the unweighted pair group arithmetic average-linkage algorithm (Sneath & Sokal, 1973) . A matrix consisting of 30 substrates and 51strains was used for the computation. 16S rRNA gene sequencing. 16S rRNA gene fragments corresponding to positions 9-1510 of Esherichia coli were amplified by the PCR using purified DNA and primers 27f and 1492r (Lane, 1991) . Amplification products were purified with a GeneClean II Kit (Bio101) and were sequenced with a Prism ABI dideoxy terminator cycle sequencing kit (Applied Biosystems). The protocols used were those recommended by the manufacturers. Sequences were determined with an automated DNA sequencer (model 377 ; Applied Biosystems). Both strands were sequenced using the primers 27f, 530f, 801f, 1114f, 1406f, 109r1, 342r, 685r3, 907r, 1100r and 1492r (Lane, 1991 ; Nakamura, 1996) . The   program (Higgins et al., 1992) was used to align the 16S DNA sequences generated with sequences of selected members of the family Bacillaceae obtained from GenBank (Larsen et al., 1993) . Genetic distance was computed by using Kimura's two-parameter model (Kimura, 1980) and used for neighbour-joining analysis. Phylogenetic trees were constructed using neighbour-joining and maximum-parsimony methods provided by  4.0b1 (D. L. Swofford, unpublished) ; both methods produced trees with similar topologies. Nucleotide sequences generated in this study have been deposited with GenBank under the accession numbers shown in Table 1 .
RESULTS

Fig
. 1 presents a phylogenetic tree based on comparison of the 16S rDNA sequences generated in this study with sequences of representative Bacillus species, including the round-spored organisms, obtained from GenBank. The B. sphaericus-like organisms separate into seven groups (six of which are statistically well supported by bootstrap values of 70 % or better) within rRNA group 2 of the genus Bacillus (Ash et al., 1991) . Two of the clades represent the recognized species B. fusiformis (group 2) and B. sphaericus (group 3) ; each group encompassed its respective type strain. As observed by others (Krych et al., 1980 ; Alexander & Priest, 1990 ; Aquino de Muro et al., 1992 ; Woodburn et al., 1995 ; Rippere et al., 1997) , the mosquitocidal or insect-associated strains cluster in one clade (group 1) that is closely linked to B. fusiformis. The sphaericus-like strains, based on substrate utilization in BIOLOG GP test plates. Similarity was estimated by means of the simple matching coefficient (S SM ) and clustering was based on the unweighted pair group arithmetic average-linkage algorithm (Sneath & Sokal, 1973) . A matrix consisting of 30 substrates and 51 strains was used for the computation. Group numbers correspond to those in Fig. 1. sequence similarity of group 1 and 2 strains averages approximately 99n1 %. However, the separation of the two groups is not statistically well supported. Somewhat separated from these three clades are four others represented by 4-11 strains. A complex consisting of groups 4 and 5 shares a common lineage with the B. fusiformis-B. sphaericus complex. Groups 6 and 7 appear in a separate complex, as does B. silvestris. The presently recognized round-spored psychrophilic species Bacillus globisporus, Bacillus psychrophilus, Bacillus insolitus, Bacillus marinus and the alkalophile Bacillus pasteurii form a separate group distinct from the B. sphaericus sensu lato groups. ' Bacillus aminovorans ' and Bacillus thermosphaericus are distant outliers. The dendrogram in Fig. 2 shows the relationships of the B. sphaericus-like organisms, based on phenotypic characterization obtained using the BIOLOG system. A representative number of strains from each phylogenetic group were analysed. Analysis based on phenotypic traits segregates the organisms into seven groups that are similar to the 16S rDNA phylogenetic groups. These organisms do not metabolize the common hexoses, pentoses or disaccharides, but they prefer pyruvate, amino acids, purine or pyrimidine bases and related compounds as their energy and carbon sources. Table 2 shows the differentiation of the seven groups based on the oxidation patterns of these classes of substrates which include pyruvate, -alanine, glycyl--glutamate, 2h-deoxyadenosine, inosine, AMP and UMP. Whole-cell fatty acid profiles are also useful for group distinctions. Although all the groups contain the same (Table 3) and can be used for distinguishing among the groups. Other fatty acids observed but showing no significant compositional differences are 14 : 0 iso (1n86 %), iso 17 : 1 ω10cis (0n26 %), 17 : 0 iso (1n83 %) and 17 : 0 anteiso (0n59 %).
DISCUSSION
Although all the round-spored species share phylogenetic membership in Bacillus rRNA group 2 (Ash et al., 1991) et al. (1991) found that not all strains assignable to group 1 were pathogenic. Similarly, when comparing pathogens and non-pathogens, Rippere et al. (1997) found that not all organisms included in a DNA similarity group (corresponding to group 1 of this study) were pathogenic. Four of the phylogenetic groups correspond to the DNA relatedness groups reported by Krych et al. (1980) . Group I of Krych et al. (1980) et al., 1980) , RAPD analyses (Woodburn et al., 1995) and RFLP-pattern assays (Aquino de Muro et al., 1992) demonstrated close enough relatedness between groups IIA and IIB to suggest that the pathogenic strains represented a subtaxon or ' sister ' species of B. fusiformis. The absence of compelling differences between the groups has discouraged the proposal of a subspecies. With the B. sphaericus-like bacteria, the classical characterization methods (Gordon et al., 1973) failed to produce decisive taxonomic information. Using a broadened range of substrates, Alexander & Priest (1990) obtained data that permitted several groups within B. sphaericus sensu lato to be distinguished. In our study, the BIOLOG GP system yielded substrate utilization data that, when analysed numerically, supported the existence of seven groups among the B. sphaericus-like organisms examined and provided a set of substrates useful for differentiating several of the groups. Whole-cell fatty acid profiles provided further data supporting the presence and differentiation of the seven groups.
Comparison of the results from the present study with those of others (Krych et al., 1980 ; Aquino de Muro et al., 1992 ; Woodburn et al., 1995) has revealed several anomalies. In the present study, NRRL NRS-400 and NRRL NRS-1693 appear in the B. fusiformis clade and in an unnamed taxon (group 6), respectively. RFLP patterns suggested slight differences between these two strains (Aquino de Muro et al., 1992) . In contrast, DNA similarity (Krych et al., 1980) , numerical analysis (Alexander & Priest, 1990 ) and RAPD analysis (Woodburn et al., 1995) indicated that the two strains were members of the same group. In other examples, the results of our study clustered NRRL NRS-1223 and NRRL B-183 with B. fusiformis and B. sphaericus, respectively. However, these strains were assigned to group III (not B. fusiformis or B. sphaericus) and as miscellanea based on DNA-similarity analyses (Krych et al., 1980) . In the present study, NRRL NRS-1198 is a member of group 5, which encompasses (among others) NRRL B-1876, NRRL NRS-250 and NRRL NRS-1186. Studies by Krych et al. (1980) and Woodburn et al. (1995) showed no similarity between NRRL NRS-1198 (a member of group V ; Krych et al.) and the three strains mentioned (miscellanea ; Krych et al.) . The reasons for these discrepancies are not readily apparent. However, they can be resolved by retrieving the cultures from the various laboratories and carrying out DNA similarity and sequence studies. 
